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Statement  of  problems  studied.  The  underlying  goal  of  all  the  studies 
carried  out  during  the  term  of  this  project  has  been  obtaining  detailed, 
quantitative  understanding  of  important,  high-temperature  gas-phase  chemical 
reactions.  The  degree  to  which  this  gual  can  be  attained  depends  upon  two 
things:  the  correctness  and  completeness  of  the  set  of  elementary  reactions 
in  terms  of  which  a given  chemical  process  is  described,  and  the  accuracy  with 
which  one  knows  the  rate  constants  of  each  elementary  reaction.  At  the  outset 
of  our  program,  large  ranges  of  uncertainty  pervaded  both  aspects  even  for 
such  relatively  simple  reaction  systems  such  as  H2  + O2  -*•  H2O.  As  time  went 
on,  the  goal  of  understanding  simpler  systems  was  attained  to  a very  satisfying 
degree,  and  more  complex  reactions--such  as  CH4  + O2 — could  be  examined.  In 
addition  to  the  dominant  elementary  reactions,  side-reactions  of  unusual  nature, 
such  as  those  leading  to  species  in  electronically  excited  states,  were  also 
investigated. 

The  reaction  systems  selected  for  study  included  H2  - O2 i D2  - O2  ; H2  - O2  - CO; 
H2  - O2  - CO2;  CO2  - Ar;  C2H2  ~ 02;  CH4  - Ar;  CH4  - H2  - Ar;  CH4  - D2  - Ar;  CH4  - 0£. 

Summary  of  important  results.  A.  Hydrogen-Oxygen  Reaction.  The  H2  - 02  reaction 
has  served  the  role  0?  prototype  branched-chain  reaction  for  many  years,  and  it 
was  considered  at  the  outset  of  cur  research  that  the  principal  elementary  reactions 
and  their  rate  constants  were  fairly  well  known  for  many  conditions.  The  initial 
goal  was  thus  establishing  the  identity  and  rate  of  the  initiation  reaction,  through 
precise  measurements  of  ignition  delays.  This  was  accomplished  through  the 
development  of  a very  sensitive  bismuth  resonance  lamp  for  absorption  spectro- 
scopic observations  of  OH  radical.  A rate  constant  expression  for  the  reaction 
no  + O2  -*■  ?0H  could  be  derived.  In  order  to  accomplish  this,  however,  it  was 
also  necessary  to  define  the  high-temperature  rates  of  the  branching  reactions 
more  precisely.  This  turned  out  to  require  characterization  not  only  of  the 
exponential  growth  portion  of  the  explosion,  but  also  of  the  transition  2one 
between  the  exponential  growth  and  recombination  zones  of  the  explosion.  These 
experiments,  done  in  our  laboratory  and  at  Los  Alamos,  defined  rate  constant 
expressions  for  the  branching  reactions  0 + H2  -*■  OH  + H and  OH  + H?  H2O  + H. 

The  transition  zone  reaction  Oh  + OH  -+  H2O  + 0 could  also  be  identified  and 
assigned  a rate  constant  expression. 

The  experiment',  served  to  provide  a complete  description  of  the  H2  - 02 
explosion  under  low-pressure  (<  1 atm)  and  high-temperature  conditions.  For 
higher  pressures  and  lower  temperatures,  termolecular  reactions  --  H + O2  + M -*• 

HO2  + M and  subsequent  reactions  of  HO2  in  particular  — serve  to  complicate  the 
explosion  kinetics.  Shock  tube  experiments  have  been  done  in  various  laboratories 
in  attempts  to  explore  these  complications.  We  undertook  computer  simulation 
studies  of  these  experiments  in  order  to  find  out  how  much  confidence  can  be 
placed  in  the  results.  It  turned  out,  unfortunately,  that  non-idealities  of 
reflected  shock  wave  propagation  affect  the  physical  state  of  the  shocked  gas  to 
such  a degree  that  rate  constants  derived  from  such  experiments  have  to  be  assigned 
large  ranges  of  uncertainty. 

The  reaction  between  H2  and  O2  produces  only  a very  weak  luminescence,  but 
one  that  is  nonetheless  considered  to  be  highly  characteristic  of  the  reaction 
rate.  A number  of  elementary  processes  have  been  proposed  to  account  for  the 
production  cf  the  emitter  OH  (^z).  Our  experiments  gave  strong  support  for  the 
reaction  H02  + 0 ->  0H+  + O2  as  a parallel  contributor  to  H + 0 + M --*•  0H+  + M, 
the  reaction  which  has  the  most  support  rrom  flow- lube  uiid  flame  structure 
experiments.  In  addition,  specific  quenching  of  OH  (*z)  was  found  to  be  an 
important  contributor  to  the  luminescence  profiles  in  later  stages  of  reaction. 

These  experiments  were  supplemented  by  the  D2/O2  analogs. 
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B.  Carbon  Monoxide-Carbon  Dioxide  Interconversion  in  Hydrogen-Containing 
Systems . It  is  well  known  that  the  so-called  water  gas  equilibrium  CO  + H£0  z 
CO2  + H2  is  attained  primarily  through  the  coupled  pair  of  elementary  reactions 
CO  + OH  = CO?  + H and  H + H2O  = H2  +_0H.  The  rates  of  these  two  reactions  were 

in  considerable  doubt  until  about  1970,  particularly  wim  regard  to  their  temperature 
dependence.  We  measured  the  CO/CO2  interconversion  rate  in  both  directions  in  the 
reactive  environment  generated  by  an  H2/O2  explosion  and  were  able  to  resolve  the 
existing  discrepancy  in  terms  of  rate  constant  expressions  for  these  reactions 
which  did  r.ot  have  the  simple  Arrhenius  form.  Theoretical  studies  based  on 
collision  theory  and  on  activated  complex  theory  confirmed  the  essential 
correctness  of  the  non-Arrhenius  forms  used. 

C.  Exploratory  Studies  of  Acetylene  Combustion.  In  the  early  1960‘s  it  was 
widely  thought  that  straightforward  extensions  of  the  experimental  methods 
which  promised  to  be  capable  of  giving  full  mechanistic  descriptions  of  small- 
molecule  reactions  would  be  capable  of  giving  comparably  complete  descriptions 

of  combustion  reactions.  We  devoted  substantial  efforts  to  achieving  this  with 
the  C2H2  - O2  reaction,  accomplishing  some  useful  data  accumulation  but  falling 
far  short  of  the  goal  of  defining  a reaction  mechanism.  The  previously-mentioned 
OH-radical  spectroscopic  methods  and  the  laser-schl ieren  technique  for  monitoring 
heat  release  were  used  to  follow  the  main  reaction,  while  chemiluminescence 
observations  were  made  on  CH*,  C2*,  OH*,  and  CO*.  The  density,  equivalence  ratio, 
and  temperature  dependence  of  the  observations  were  such  that  only  quite  rough 
outlines  of  the  kinetics  could  be  proposed.  Experiments  in  CO  and  0?  - diluents 
provided  insight  into  coupling  of  vibrational  relaxation  and  chemical  reaction. 

D.  Methane  Chemistry.  The  primary  difficulty  in  our  and  others'  studies  of 
high-temperature  hydrocarbon  chemistry  has  been  in  developing  adequate  analytical 
techniques  for  the  hydrocarbons  themselves  and  radicals  derived  from  them.  A 
fortunate  opportunity  to  solve  this  problem  is  the  advent  of  tunable  IR  lasers. 

We  initiated  the  use  of  IR  laser  absorption  spectroscopy  for  shock  tube  studies 
of  hydrocarbon  chemistry  by  means  of  the  coincidence  absorption  of  the  3.39  pm 
Ne  laser  line  by  CH4.  Our  initial  results  were  concerned  with  the  spectroscopy 
itself,  viz,  defining  the  effects  of  temperature  and  pressure-broadening  upon 
the  absorbance.  We  then  completed  studies  of  CH4  pyrolysis  and  isotope  exchange, 
and  began  studies  of  CH4  oxidation.  The  pyrolysis  experiments  led  to  a recognition 
that  chain  reactions  sustained  by  CH3  radicals  and  H atoms  dominate  the  CH4 
disappearance,  and  that  CH4  + M = CH3  + H + M serves  only  as  an  initiation  reaction. 
The  rate  constants  determined  for  the  chain  reactions  were  then  used  to  interpret 
the  isotope  exchange  experiments.  While  experimental  studies  of  CH4  oxidation 

did  not  proceed  beyond  the  exploratory  stage  during  the  term  of  this  project, 
computer  simulation  studies  of  the  reaction  mechanism  were  pursued  extensively. 
Detailed  considerations  of  existing  shock  tube  data  led  to  good  understanding 
of  the  main  reaction  pathways  and  how  these  are  manifested  in  experimental  obser- 
vations. Continuing  on  with  our  own  experiments,  which  will  combine  the  IR  laser 
absorption  technique  with  conventional  spectroscopic  observations,  is  the  main 
pathway  of  our  future  research. 

E.  Computer  Similation  of  Reactive  Flow.  In  the  early  history  of  shock 
tube  research  it  was  possible  to  interpret  experiments  using  the  traditional 
methods  of  daU  analysis  cf  chemical  kinetics.  As  the  reactions  studied  became 
more  complicated,  and  the  precision  demanded  of  the  results  improved,  modern 
computer  methods  began  to  be  applied.  After  a few  years  these  methods  became 
quite  sophisticated,  incorporating  refined  techniques  of  handling  difficult 
systems  of  differential  equations,  considerations  of  nonideal  shock  propagation, 
and  practical  ways  of  comparing  calculations  with  experiments.  Our  laboratory 
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has  consistently  been  at  the  forefront  of  these  developments.  We  contributed 
effective  methods  of  setting  up  the  differential  equation  integrators,  procedures 
for  taking  boundary  layer  effects  into  account,  procedures  for  determining  the 
sensitivity  of  computed  results  to  rate  constant  assumptions,  and  effective  means 
of  communicating  the  rationale  of  this  type  of  computer  study  to  the  rationale 
of  this  type  of  computer  study  to  the  scientific  public.  A major  component  of 
this  effort  was  the  creation  of  a powerful  computer  code  for  numerical  integration 
of  the  equations  of  two-dimensional  nonreactive  viscous  flow  under  shock  tube 
conditions,  together  with  procedures  for  utilizing  the  nonreactive  viscous  flow 
results  for  modelling  reactive  flow  as  a variable-area  equivalent  core  flow. 
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